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The discovery of a Higgs boson and precise measurements of its properties open a new window to
test physics beyond the standard model. Models with Universal Extra Dimensions are not an exception.
Kaluza–Klein excitations of the standard model particles contribute to the production and decay of the
Higgs boson. In particular, parameters associated with third generation quarks are constrained by Higgs
data, which are relatively insensitive to other searches often involving light quarks and leptons. We
investigate implications of the 126 GeV Higgs in next-to-minimal Universal Extra Dimensions, and show
that boundary terms and bulk masses allow a lower compactiﬁcation scale as compared to in minimal
Universal Extra Dimensions.
© 2013 The Authors. Published by Elsevier B.V. Open access under CC BY license.1. Introduction
The recent discovery of a Higgs-like boson at the LHC and mea-
surements of its properties open a new window for physics beyond
the Standard Model (SM). Both the ATLAS and the CMS Collabora-
tions have measured its mass with precision better than that in
the top quark mass (0.5%):
mH =
{
125.5± 0.2+0.5−0.6 GeV, ATLAS (0.43% precision) [1],
125.7± 0.3± 0.3 GeV, CMS (0.34% precision) [2].
(1)
Measured properties of the boson are consistent with the standard
model expectation, which is often parameterized by μ = σ/σSM,
the ratio between the SM expectation and the measured value:
μ =
{
1.30± 0.20, ATLAS [1],
0.80± 0.14, CMS [2]. (2)
We regard that the discovered boson is actually the Higgs boson
in the SM and try to set bounds on new physics models by com-
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Open access under CC BY licensparing the measured data and the expected deviation from new
physics. In general, the radiative production of the Higgs boson
through gluon fusion and its decay to a pair of photons are subject
to modiﬁcation by heavy new colored particles, namely the ‘top
partner’ (t′) [3] and electrically charged particles, namely charged
gauge bosons and heavy leptons (W ′ and ′). Any new physics
model which contains such new particles affects the Higgs physics
and can be probed by close examination of the Higgs data.
In models with Universal Extra Dimensions (UED) [4], all the
standard model particles have their Kaluza–Klein (KK) excitations,
including new colored particles and electrically charged particles.
Among them, the KK excitations of the top quark yield signiﬁcant
corrections to the gluon fusion process due to the largest Yukawa
coupling. As the fermionic degrees of freedom in models with ex-
tra dimensions are doubled, the KK top quark contribution is also
enhanced by a factor of 2. Also, both the KK W bosons and the KK
top quarks contribute to the one-loop induced decay rate to the
diphoton. Even though one-loop suppressed, the diphoton channel
has been regarded as one of a golden channels. Other decay chan-
nels, which are allowed at tree level, are less signiﬁcantly modiﬁed
by the KK states so that we may neglect these effects here. There
are existing studies on the Higgs production and decay rates in the
minimal UED (MUED) model [5,6] as well as various 5D [7] and 6D
extensions [8].
In this Letter, we extend the previous studies by including ef-
fects of bulk mass parameters [9–11] and boundary localized terms
[12,13] following the philosophy of a recent paper [14]. In Ref. [14]e.
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and the ﬁrst two quark families. Furthermore, non-uniform bound-
ary terms and bulk masses for leptons, and ﬁrst and second family
quarks typically imply large ﬂavor changing neutral currents and
are thus strongly constrained [15]. As an important exception, a
common boundary parameter for all UED ﬁelds is not constrained
as it does not induce KK-number violating interactions and only
shifts the overall mass scale of the nth Kaluza–Klein mode excita-
tions away from n/R , with R being the compactiﬁcation radius of
the extra dimension.
Constraints on parameters associated with third generation
quarks are much weaker, and their phenomenological implications
are very different from those with ﬁrst and second generations.
They are particularly important in physics dominated by one-loop
corrections, where the large Yukawa coupling of the top plays a
crucial role. This applies to electroweak precision tests as well as to
Higgs production and decay. We therefore focus on the third gener-
ation in the quark sector and consider a UED setup with a common
boundary kinetic parameter rg for the gauge and lepton sector and
the ﬁrst two families (and no bulk masses for those). We allow for
a non-zero bulk mass (μt = 0) and a different boundary parame-
ter rt for the third generation. This choice leaves us with rg , rt , μt
and R−1 as parameters to be constrained.
The Letter is organized as follows. In the next section, we
brieﬂy introduce the next-to-minimal UED (NMUED) model with
bulk mass parameters and boundary localized terms. The KK spec-
tra and couplings are collected for the one-loop calculation of the
gluon fusion process and radiative decay processes in Section 3
and the electroweak bounds are considered in Section 4. We show
our results in Section 5 taking the latest experimental results into
account.
2. Next-to-minimal Universal Extra Dimensions
The minimal UED action contains gauge invariant kinetic terms
for the bulk ﬁelds and Yukawa interaction terms, assuming van-
ishing boundary localized terms at the cutoff scale. In NMUED, we
introduce bulk mass and boundary terms for the third generation
and a generic boundary term, which are parameterized as
SNMUED = SMUED +
∫
d4x
L∫
−L
dy
{−MtξL/RΨ 3Ψ3
+ [δ(y − L) + δ(y + L)]
× [rgLMUED + (rt − rg)iΨ 3,L/R/DΨ3,L/R]}, (3)
where L = π R/2 with R being the compactiﬁcation radius, ξL/R =
±1, and Ψ3 = {Q 3, T , B} are 5D fermions containing the third gen-
eration quarks, of which Q 3 has a left-handed and T , B have right-
handed boundary terms with a parameter rt .1 Both, bulk masses
and boundary terms modify the masses and wave functions of
the KK modes. A fermion Ψ with a left-handed zero mode (i.e.
Q and L) in the presence of a boundary parameter rt and a bulk
mass Mt = μtθ(y) is decomposed as follows.
Ψ (x, y) =
∞∑
n=0
(
ψ
(n)
L (x) f
ΨL
n (y) + ψ(n)R (x) f ΨRn (y)
)
, (4)
1 The boundary localized terms are interpreted as operators generically allowed
by symmetries of the system: 4D Lorentz symmetry on boundaries and gauge sym-
metries. The actual values of rt and rg could not be fully determined without
knowing UV completion but we are only allowed to stay in the parameter space,
which is consistent with the experimental results. Our choice of uniform terms is
well consistent with the lack of ﬂavor changing neutral current and also EWPTs for
which the effects from the third generation are small.where the wave functions f
ΨL/R
n are given by
n = 0: f ΨL0 = NΨ0 eμt |y|, (5)
odd n:
⎧⎪⎨
⎪⎩
f ΨLn = NΨn sin(kn y),
f ΨRn = NΨn
(
− kn
m fn
cos(kn y) + μt
m fn
θ(y) sin(kn y)
)
,
(6)
even n:
⎧⎨
⎩ f
ΨL
n = NΨn
(
kn
m fn
cos(kn y) + μt
m fn
θ(y) sin(kn y)
)
,
f ΨRn = NΨn sin(kn y).
(7)
where
θ(y) =
{−1 if y < 0,
+1 if y > 0,
as deﬁned in Ref. [9]. The symbols sin and cos denote sin or sinh
and cos or cosh, and wave numbers kn are the solutions of the
mass quantization condition
kn cos(knL) =
(
rt(m fn )
2 + μt
)
sin(knL) for odd n,
rtkn cos(knL) = −(1+ rtμt) sin(knL) for even n. (8)
The chiral zero mode is massless. If “light” (sinh and cosh) solu-
tions exist, they describe the ﬁrst and second KK excitations, and
their masses m fn are given by
m fn =
√
−k2n + μ2t , (9)
while the “heavy” KK modes (sin and cos solutions) have masses
m fn =
√
k2n + μ2t . (10)
The normalization factors are given by
NΨn =
⎧⎪⎪⎪⎨
⎪⎪⎪⎩
√
μt
(1+2rt μt ) exp(2μt L)−1 for n = 0,(
L − cos(knL) sin(knL)kn + 2rt sin2(knL)
)−1/2
for odd n,(
L − cos(knL) sin(knL)kn
)−1/2
for even n,
(11)
and they are determined from the modiﬁed orthogonality relations
L∫
−L
dy f ΨLm f
ΨL
n
[
1+ rt
[
δ(y + L) + δ(y − L)]]= δmn,
L∫
−L
dy f ΨRm f
ΨR
n = δmn. (12)
A fermion with a right-handed zero mode (i.e. U , D , E) yields anal-
ogous results when replacing μt with −μt .
The KK reduction of gauge bosons and scalars has been dis-
cussed in Ref. [16]. The ﬁelds are decomposed according to
Aμ(x, y) =
∞∑
n=0
A(n)μ (x) f
A
n (y), (13)
H(x, y) =
∞∑
H (n)(x) f An (y). (14)
n=0
264 T. Flacke et al. / Physics Letters B 728 (2014) 262–267For a uniform boundary kinetic term as considered in this article,
the resulting wave functions are2
n = 0: f A0 (y) =
1√
2L(1+ rgL )
, (15)
odd n: f An (y) =
√
1
L + rg sin2(knL)
sin(kn y), (16)
even n: f An (y) =
√
1
L + rg cos2(knL) cos(kn y), (17)
where the wave numbers kn are determined by
cot(knL) = rgkn for odd n,
tan(knL) = −rgkn for even n, (18)
and the corresponding KK masses are
mAn =
√
k2n +m20, (19)
where m0 is the zero mode mass (mW , mZ , mH or zero), which
is induced by electroweak symmetry breaking (EWSB). The wave
functions satisfy the following orthogonality relation
L∫
−L
dy f Am f
A
n
[
1+ rg
(
δ(y + L) + δ(y − L))]= δmn. (20)
As expected, the masses and wave functions for scalars and gauge
bosons are identical to those of the Z2-even fermions in the limit
μt → 0.
The couplings are obtained from overlap integrals of the respec-
tive wave functions. As an example, the coupling of a zero mode
gauge boson with KK mode fermions follows from
Seff ⊃
∫
d4x ig5ψ
(n)
L/Rγ
μA(0)μ ψ
(m)
L/R
×
L∫
−L
dy f A0 f
ΨL/R
n f
ΨL/R
m
[
1+ rt
(
δ(y + L) + δ(y − L))]
=
∫
d4x i
g5δnm√
2L(1+ r/L)ψ
(n)
L/Rγ
μA(0)μ ψ
(m)
L/R , (21)
implying that
geff0nm =
g5δnm√
2L(1+ r/L) = gSMδnm , (22)
where gSM is the standard model coupling. All couplings of zero
mode gauge bosons to KK fermions are Kaluza–Klein number con-
serving and of strength gSM, i.e. independent of the fermion KK
level. Calculation of the analogous overlap integrals yields the
same result for couplings of zero mode gauge bosons to KK gauge
bosons, and of the zero mode Higgs to KK mode fermions or
gauge bosons. Interactions between the zero mode Higgs and KK
fermions are given by the standard model Yukawa couplings if we
assume the same mass and boundary terms for Q 3, U3, and D3,
which is the case in our current study.
2 For generic choices of the boundary parameters, the KK decomposition in the
electroweak sector is more involved. For a detailed discussion and the general solu-
tions, we refer to Ref. [16].3. Higgs production and decay into photons in NMUED
In the standard model, the production and decay processes of
the Higgs boson, gg → H and H → γ γ , are radiatively induced by
triangle diagrams where top quark and W boson are involved. In
NMUED, there are additional contributions from the Kaluza–Klein
partners amongst which KK-top and KK W -loops dominate.
For a general triangle diagram, KK number is not necessarily
conserved in the loop which in particular requires to sum over all
allowed combinations of KK numbers in the loop when calculating
the amplitude. For Higgs production and decay, however, all ex-
ternal lines are zero mode bosons (photon, gluon or Higgs), which
preserve KK number as shown in the last section. Furthermore,
as shown in Eq. (22), the 0–n–n couplings are all given by the
corresponding standard model couplings. Therefore, the NMUED
contributions to gg → H and H → γ γ can be easily calculated
from the standard model expressions (cf. [17] and [6]) by replac-
ing the standard model masses with the masses of the respective
KK particles given in Eqs. (9), (10), (19) and summing over all KK
modes. Note that the KK fermions are Dirac and therefore enter
with twice the weight of the standard model fermions.
Through triangle diagrams with W -bosons, top quarks and their
Kaluza–Klein excitations, the Higgs boson would decay to a pair of
gluons and photons with the widths:
Γ NMUEDH→gg =K
m3H
8π v2
· αS(mH )
2
π2
|Ft |2, (23)
Γ NMUEDH→γ γ =
m3H
16v2π
· α(mH )
2
π2
∣∣FW + 3Q 2t Ft∣∣2, (24)
where K ≈ 1.9 is the QCD K factor in NNLO calculation [18], the
Higgs vacuum expectation value is v = (√2GF )−1/2 with the Fermi
constant GF = 1.1663787(6) × 10−5 GeV−2 and Qt = 2/3 is elec-
tric charge of the top quark. The one-loop functions are the sum
of the SM contribution and the KK contributions: FW = F SMW + FKKW ,
Ft = F SMt + FKKt with
F SMW =
1
2
+ 3
4
τW + 3
2
τW
(
1− τW
2
)
C0(τW ),
FKKW =
∞∑
n=1
[
1
2
+ τW + 2
(
τW
(
1− τWn
2
)
− τWn
4
)
C0(τWn )
]
,
F SMt = −
τt
2
[
1+ (1− τt)C0(τt)
]
,
FKKt =
∞∑
n=1
[
τt
τtLn
F SMt (τt → τtLn ) +
τt
τtRn
F SMt (τt → τtRn )
]
, (25)
where the masses are conveniently parameterized as τW = 4m2W /
m2H , τt = 4m2t /m2H , τWn = 4m2Wn/m2H and τtL/Rn = (4m
2
tL/Rn
)/(m2H ).
The three point Passarino–Veltman function is C0(τ ) = [sin−1(1/√
τ )]2 for τ  1. FKKW includes contributions of KK excitations
in the gauge and Higgs sectors. The production cross section
σˆgg→H (sˆ) is related to the partial decay width as follows,
σˆgg→H (sˆ) = π
2
8mH
ΓH→gg(mH )δ
(
sˆ −m2H
)
. (26)
4. Electroweak precision tests (S, T ,U ) parameters
A strong bound on the NMUED model arises from contributions
to the Peskin–Takeuchi parameters S , T , and U [19], which pa-
rameterize the oblique corrections to the electroweak gauge boson
propagators [20]. The analysis of the Peskin–Takeuchi parameters
T. Flacke et al. / Physics Letters B 728 (2014) 262–267 265Fig. 1. Oblique (S, T ,U ) bounds on R−1 with the latest Gﬁtter data with mH = 126 GeV. The plots show contours of minimally allowed R−1 in the rt/L vs. μt L parameter
space for rg/L = 0 (left) and rg/L = 1 (right). The shaded region (in yellow) is excluded since KK bottom is the lightest Kaluza–Klein particle. (For interpretation of the
references to color in this ﬁgure legend, the reader is referred to the web version of this article.)in UED models with bulk masses and boundary kinetic terms has
been performed in Ref. [14]. The dominant contributions to S and
T arise from the top-loop corrections to the gauge boson propa-
gators, while U only receives contributions from gauge boson and
Higgs loops. At one-loop order, the NMUED contributions to the
Peskin–Takeuchi parameters are [14,19]3
SNMUED = 4 sin
2 θW
α
[
3g2ew
4(4π)2
(
2
9
∑
n
m2t
m2
t(n)
)
+ g
2
ew
4(4π)2
(
1
6
∑
n
m2h
m2
h(n)
)]
, (27)
TNMUED = 1
α
[
3g2ew
2(4π)2
m2t
m2W
(
2
3
∑
n
m2t
m2
t(n)
)
+ g
2
ew sin
2 θW
(4π)2 cos2 θW
(
− 5
12
∑
n
m2h
m2
h(n)
)]
, (28)
UNMUED = −4 sin
2 θW
α
[
g2ew sin
2 θW
(4π)2
×
(
1
6
∑
n
m2W
m2
W (n)
− 1
15
∑
n
m2Wm
2
h
m2
W (n)
m2
h(n)
)]
. (29)
Here α is the ﬁne structure constant, θW is the Weinberg angle,
and gew is the coupling strength of SU(2)W .
5. Results
In our analysis, for simplicity we consider a common bulk
mass μt ≡ μQ 3 = μB = μT and a common boundary parameter
rt ≡ rQ 3 = rB = rT , for the third generation of SU(2)W quark dou-
blet Q 3 and SU(2)W singlets B and T . This choice, together with
the compactiﬁcation scale R−1, leaves us with three parameters.
As an additional parameter, we consider a common boundary pa-
rameter rg for all other ﬁelds (i.e. the Higgs, the gauge ﬁelds and
3 In Ref. [14], additional contributions to T and U arise due to lepton bulk mass
terms, which are however shown to be strongly constraint by dilepton searches.
Here, we assume vanishing lepton bulk masses and therefore neglect such contri-
butions.leptons, and the ﬁrst and second family quarks) in order to il-
lustrate how the bounds change in the presence of a common
boundary parameter with only the third family quarks differing.
We present results as bounds on the compactiﬁcation scale R−1 as
a function of the dimensionless parameters μt L and rt/L. To indi-
cate the effect of a common boundary term, we show constraints
for rg/L = 0 (“vanishing boundary parameter”) and rg/L = 1 (“typ-
ical boundary parameter”).4
The electroweak bounds shown in Fig. 1 are obtained by per-
forming a χ2 ﬁt of the parameters SNMUED , TNMUED , UNMUED from
Eqs. (27)–(29) to the experimental values given in Ref. [21], SNP =
0.03 ± 0.10, TNP = 0.05 ± 0.12, UNP = 0.03 ± 0.10, for a reference
point mH = 126 GeV and mt = 173 GeV with correlation coeﬃ-
cients of +0.89 between SNP and TNP , and −0.54 (−0.83) between
SNP and UNP (TNP and UNP).
For rg/L = 0, the mass of the ﬁrst U (1)Y KK mode γ (1) (the
usual UED dark matter candidate) is given by R−1. For a large
rt/L and a small μt/L, the ﬁrst KK bottom partner is lighter than
the γ (1) which implies a charged dark matter and is therefore ex-
cluded. For rg/L = 0, the same applies, although the mass of the
γ (1) is not given by R−1 anymore, but determined by Eq. (18).
To determine the bounds from Higgs searches, we deﬁne the
signal strengths as follows:
μgg→h→γ γ ≡
σˆNMUEDgg→h→γ γ
σˆ SMgg→h→γ γ
= |Ft |
2|FW + 3Q 2t Ft |2
|F SMt |2|F SMW + 3Q 2t F SMt |2
, (30)
μother→h→γ γ ≡
σˆNMUEDother→h→γ γ
σˆ SMother→h→γ γ
= |FW + 3Q
2
t Ft |2
|F SMW + 3Q 2t F SMt |2
, (31)
μgg→h→other ≡
σˆNMUEDgg→h→other
σˆ SMgg→h→other
= |Ft |
2
|F SMt |2
, (32)
μother→h→other ≡
σˆNMUEDother→h→other
σˆ SMother→h→other
= 1, (33)
where “other” production channels are vector boson fusion, and
Higgs radiation off gauge bosons or tops, and “other” decay chan-
4 A naive dimensional analysis of the boundary parameter yields r/L  12/ΛR ,
where Λ is the UED cutoff scale, and ΛR gives an estimate for the number of KK
levels below the cutoff scale [12].
266 T. Flacke et al. / Physics Letters B 728 (2014) 262–267Fig. 2. Combined constraints from Higgs searches at ATLAS and CMS. The plots show contours of minimally allowed R−1 in the rt/L vs. μt/L parameter space for rg/L = 0
(left) and rg/L = 1 (right). The shaded region (in yellow) is excluded since the Kaluza–Klein photon is not a dark matter candidate. (For interpretation of the references to
color in this ﬁgure legend, the reader is referred to the web version of this article.)nels are Z Z , WW , bb¯, and ττ . Ref. [22] performs a global Bayesian
analysis on the ATLAS [23] and CMS [24] Higgs data and provides
values of signal strengths and their correlations. We use this data
to perform a χ2 test of the UED predictions and plot the con-
straints in Fig. 2 where no correlation between the ATLAS and CMS
results is assumed.
Compared to the electroweak constraints and the CMS bounds,
the ATLAS bounds are weaker. The main reason for this lies in that
ATLAS (CMS) observes an enhanced (reduced) rate in the di-photon
channel as compared to the standard model expectation. The UED
model predicts an enhancement of the cross section for gg → h →
γ γ .5 The other channels do not have a strong effect on the χ2 ﬁt
because of the larger errors. Therefore, the constraints shown in
Fig. 2 are dominated by the measurements at CMS. We note that
the bound from electroweak precision tests is comparable with the
bound from direct Higgs searches.
6. Summary and outlook
UED is an attractive extension of the standard model based on
higher dimensions providing a viable dark matter candidate and
rich phenomenology at the LHC. As an effective theory, UED mod-
els could be extended from the minimal realization by incorporat-
ing boundary localized operators and bulk masses. In this Letter,
we focus on the extra terms associated with the third generation
of quarks, which are particularly relevant for the radiative produc-
tion and decay of the Higgs boson through the Kaluza–Klein quarks
and W -bosons. Including electroweak precision tests as well as the
latest measurements on the Higgs boson at the LHC (ATLAS and
CMS), we explicitly show the allowed range of parameter space
in next-to-minimal UED for the Kaluza–Klein photon dark mat-
ter candidate. Our results show that NMUED allows for a lower
compactiﬁcation scale than as in MUED, where R−1 < 500 GeV is
5 To be more precise, the decay rate h → γ γ is reduced due to negative interfer-
ence of the KK top and KK W loop contributions with the standard model contri-
bution, but the production cross section gg → h is enhanced and leads to an en-
hancement of the overall cross section. The UED cross sections for gg → h → other
are enhanced even more, which again is partially reﬂected in some search channels
at ATLAS, but not at CMS.excluded at 95% C.L. [6].6 This allowed parameter space will be
probed by the LHC14.
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